ABSTRACT Emergency evacuation is to transfer people from dangerous places to safe areas, so as to reduce or even avoid the potential harm to people. It is inherently a comprehensive system composed of evacuation managers, evacuees, road networks, shelters, etc. Security is one of the important indicators of such system. Moreover, in order to ensure the normal and efficient operation of evacuation system, each component should cooperate well with each other, thus making stability another important index of the evacuation system. In order to optimize evacuation safety, some residential areas may be arranged to stay much longer which is hard to be accepted, namely, the stability of evacuation system is low. In this paper, a system-based evacuation CSO model at residential level is proposed which compromises the security and stability of evacuation systems. The CSO model is a bi-level network optimization model, the upper level aims at minimizing the total risk of evacuation subject to the residential tolerance level and the lower level conveys a cell transmission-based dynamic traffic assignment problem. Using our model, we also study the impact of the number of shelters, the organizational form of road intersections, the uncertainty of evacuation demand and risk distribution on evacuation system. INDEX TERMS Evacuation management, system theory, constrained system optimal, dynamic traffic assignment, cell transmission model.
I. INTRODUCTION
In recent years, disasters have occurred frequently and showed an increasing trend, from fewer than 50 disasters per year reported in 1950 to 447 disasters in 2018 [1] . International Federation of Red Cross and Red Crescent Societies [2] defines disasters as ''serious disruptions of the functioning of a community through widespread losses that exceed the community's capacity to cope with using its own resources,'' which can be classified into natural disasters such as hurricanes, earthquakes, tsunamis, and man-made disasters such as biological, chemical, nuclear disasters.
Disasters cause great losses to people's lives and property, and bring great challenges to the government's evacuation management, as disasters usually occur suddenly and urgently. For example, the 2004 Indian tsunami [3] caused more than 5300 deaths, and heavy damage to buildings in The associate editor coordinating the review of this article and approving it for publication was Baoping Cai. the affected areas; The 2005 American hurricanes Katrina and Rita [4] caused millions of people to be evacuated, creating the largest traffic jams in the U.S. history; The 2011 Japan earthquake and an enormous tsunami [5] killed over 20,500 people and resulted in the evacuation of over 320,000 people from the devastated areas.
In order to mitigate or avoid the losses caused by disasters, the best way is to evacuate people in disaster areas to safe areas or shelters [6] - [8] . However, in the process of evacuation, due to the urgency of evacuation, there will be a large number of evacuation demand in a short time, which will exceed the capacity of the road and then cause traffic congestion [9] - [11] . At the same time, road users may not obey the traffic rules as they do in normal traffic [12] , so there will be a great potential safety hazard. Once a traffic accident occurs, it will further worsen the traffic condition and possibly lead to traffic paralyzing. Therefore, reasonable evacuation planning and management are of crucial important to the evacuation [13] , [14] .
Previous studies mostly used the total evacuation time [15] , maximum latency, evacuation clearance time [16] , [17] , minimize total distance traveled [18] , the proportion of evacuation population at a specific time as evaluation indicators in the modelling. The above indicators mainly describe the evacuation system in terms of efficiency. In fact, the safety of evaluation is also important, and how to minimize total risk (threat exposure) has attracted a lot of attention [19] , [20] . Therefore, we propose a risk index called the total risk of evacuation, which is defined as ''the total risk suffered from the beginning of evacuation demand to enter the shelters.'' Existing evacuation traffic assignment models mainly include: user equilibrium(UE) model [21] , nearest allocation(NA) model [7] , system optimal (SO) model [22] - [24] , and constrained system optimal (CSO) model [25] , [26] . In the UE model, the evacuation network reach equilibrium state and each OD pair has the same and minimum travel time. It is unrealistic to assumption that evacuees have all the possible routes information in UE model, and the reasons are as follows: emergencies may cause damage to power systems and road electronic facilities, leading to the failure of information transmission; Meanwhile, evacuations are rare events evacuees do not have the opportunity to learn from the past experience [27] ; In addition, emergencies are urgent and evacuees may have no patience to get all the traffic conditions [28] . In the NA model, evacuees may tend to show selfish behavior and choose the shortest route or the shortest travel time to reach the nearest shelter, which may reduce the efficiency of the entire evacuation system [26] ; In the SO model, Evacuation authorities formulate evacuation plans from the perspective of system optimum, some evacuees may be arranged to several times longer routes than the ones they could take if they had a choice. However, in evacuation, people usually behave selfishly and aim to reach shelter as quickly as possible without considering the impact of their choice on other people's evacuation [29] , so the SO model may be difficult to implement, i.e., it is unstable; The CSO model provides a compromise between SO and UE/NA approaches that balances the interests of the system and evacuees that is easily accepted by evacuees. Jahn et al. [30] and Li [31] developed a routing of traffic flows model with length constraints, but few studies considered the residence time as constraints; Bayram et al. [26] compromised system and user interests at the individual level, studied the relationship between evacuation efficiency and fairness, nevertheless, evacuation plan at individual level is complex that evacuation information needs to be communicated to all evacuees, moreover it is very difficult to ensure that all evacuees strictly adhere to the evacuation plan [32] . However, evacuation plans at the residential level are easy to implement that evacuation authorities can control the branches in residential areas leading to the arterial roads to control the order of evacuation. Thus, evacuation study at residential level is necessary. At the same time, emergency evacuation is a comprehensive system composed of evacuation managers, evacuees, road networks, shelters, etc. The research on the influence of various factors on system stability and security based on system theory is also lacking.
In this paper, our goal is to build a CSO model at the residential level that compromise the security and stability of evacuation system. we define the total residence time as ''the time from beginning of evacuation demand to departure from residential areas.'' In the SO model, in order to minimize the total risk of evacuation, people in high-risk areas should evacuate first and then followed by people in low-risk areas, so residential areas in low-risk areas will stay much longer, however, once evacuation demands generated, evacuees will leave their residential area as soon as possible. Residence time is an unstable factor in evacuation system, but in CSO model, the total residence time of residential area is within a tolerance level that is acceptable to evacuees. The CSO model is a bi-level model, the lower level is a dynamic traffic assignment model based on CTM(Cell Transmission Model) [33] , the upper level is an integer programming model with constraints, and CPLEX is used to solve the model. Based on our model, we also study the impact of the number of shelters, the organizational form of road intersections, the uncertainty of evacuation demand and risk distribution on evacuation system. The rest of the paper is organized as follows. In Section II, we review the literature on evacuation routing. In Section III, models and cases are established. In Section IV, we compare the results with different influencing factors. Finally, discussed in Section V and conclude in Section VI.
II. RELATED LITERATURE REVIEW
There are many previous studies on evacuation strategies optimization, but few based on system theory. Evacuation is a multi-element system, so evacuation strategies research must consider all elements in combination with system objectives. In the study of evacuation strategies, the methods used can be divided into two categories: simulation-based models and optimization-based models [34] . Simulation-based model can well simulate the characteristics of evacuation individuals and evacuation process [35] - [37] . It is mainly used to evaluate evacuation strategies based on pre-set specific parameters rather than optimizing evacuation strategies. Optimization-based models are mainly used to optimize evacuation strategies. In 1952, Wardrop proposed the first and second principles of traffic network balance (also known as UE and SO) which provides a basis for optimizationbased model. McCord [38] stated that in a UE manner, all the routes between specific OD are the shortest, and the individual's unilateral choice will not shorten the travel time. Kulshrestha et al. [21] allocated evacuation to shelters based on UE model with the objective of minimize total cost to establish and operate shelters. However, it is difficult to ensure that all evacuees get evacuation network information accurately in a UE manner. NA model usually based on the shortest geographical location and the shortest travel time [39] Cova and Johnson [7] considered crossing and left-hand VOLUME 7, 2019 turns at intersections, and assigned evacuation routes with the objective of minimize total travel distance in a NA manner. Schulz and Stier-Moses [40] and Correa et al. [41] found that because of selfish behavior in evacuation, evacuees will choose the shortest route that is time-based or route-based in a NA manner, which may reduce the efficiency of evacuation system. Kimms and Maassen [20] and Zhao et al. [42] developed a network flow model for lane-based evacuation routing that considers crossing-elimination and assigned evacuees to shelters and routes in a SO manner. However, Bayram [43] considered that some evacuees will be assigned to routes that are much longer than the one if they have a choice, so people may not show conscientious behavior to accept the SO manner.
To ensure that evacuation schemes are acceptable, Jahn et al. [44] considered the tolerance level of evacuees and adds a constraint on the basis of SO, which is called CSO. Jahn et al. [30] and Li [31] developed a routing of traffic flows model with length constraints, and proposed a column generation algorithm as solution. Bayram et al. [26] proposed a CSO model that compromising efficiency and fairness, and they assigned evacuees to shelters with a given tolerance level.
According to the different purposes of evacuation, the selection of evacuation indicators is also different. Minimizing total distance traveled was researched by Yamada [18] , Coutinho-Rodrigues et al. [45] and Sheu and Pan [46] . Ng et al. [47] developed a be-level model, in the upper level with objective of minimizing the total evacuation time, and assigned evacuees to shelters in the lower level. Liu and Luo [48] studied the uninterrupted flow and signal control of evacuation network with objective of minimizing total evacuation time. Lim et al. [49] used network clearance time as their objective, and Abdelgawad and Abdulhai [50] minimized routing and vehicle cost and waiting time in evacuation. Yao et al. [19] minimized the evacuees' total threat exposure based on a robust optimization approach. Kimms and Maassen [20] added risk weights to sections to optimize evacuation traffic flow.
We developed a CSO model at the residential level that compromise security and stability of evacuation system based on system theory. The security means that minimizing the total risk of evacuation; The stability means that adding a constraint on SO model, and make sure the total residence time of residential areas is within a tolerance level, so that the evacuation plans can be accepted by evacuees. We also studied the impact of the number of shelters, the organizational form of road intersections, the uncertainty of evacuation demand and risk distribution on evacuation system.
III. INSTANCE AND MODEL
A case of urban grid road network simulation was proposed in this study. The road network is a four-way lane, and all lanes pointing to the emergency point are reversed to accommodate the unbalanced traffic, i.e., only the direction away from the emergency point is allowed. The strategy is also called ''contraflow'' or ''counterflow'' traffic operation that was widely used in evacuation [51] , [52] . In fact, in the case of emergency evacuation, if the lane is not reversed and there is no physical isolation in the middle of the road, vehicles are likely to occupy the opposite lanes, which will cause more severe security problems.
A. NETWORK REPRESENTATION AND NOTATION
In this study, the evacuation network is represented as cells based on CTM. The set, parameters and variables are represented as follows: C set of cells 
Variable h i is the weight of risk in cell i, which is related to the distance between cell i and emergency point (assuming that the risk level does not changes over time during the evacuation, but decreases with the increase of distance). The risk h i can be the concentration of harmful gases, the radiation intensity of radioactive substances or probability of injury, etc. Indicator variable f ij and z i are both 0-1 variables, when f ij = 1, it means that traffic flow from cell i to cell j is allowed; when z i = 1, it means that the destination cell i is available, namely the shelter i is open. We denote residential tolerance level by λ, in other words, the difference of total residence time between different residential areas within the level of λ is acceptable.
B. ROAD NETWORK INSTANCE
As shown in Fig.1 , in the evacuation network, vehicles can only travel in the direction away from emergency point. The CTM is utilized to discretize the road network to simulate the driving process of vehicles on the road network. Gray point is emergency point; 40 ordinary cells with blue color represent the road section with limited capacity and free flow speed; 4 source cells with yellow color represent residential areas; 3 sink cells with green color represent the shelter which have sufficient capacity to accommodate entering vehicles; 60 links represent road connection and turning restriction at intersections. Detailed parameters of the 40 ordinary cells are as follows: we set updating time interval to 20s and free-flow speed to 17 m/s, a free-flow moving vehicle can traverse at most one cell in one time interval, so the length of cell is 340 m; the saturation flow rates of blue links and yellow links are 2.4 veh/s and 1.2 veh/s, respectively; jam density is 0.14 veh/m/lane, thus the maximum number of vehicles per cell is 190 veh, and ratio of free-flow speed and backward propagation speed is 1.0 [33] , [53] , [54] . The whole evacuation area is divided into four zones, i.e. I, II, III, IV, respectively. The four areas are equidistant rings representing four risk levels. Assuming that risk is inversely proportional to the distance. In order to reflect the relationship between risk level and distance without losing generality, we investigated three risk distribution ways: 4-3-2-1, 7-4-2-1,16-9-4-1, and the risk level in shelter is 0.
Evacuated vehicles suffer different risk values in four areas per time interval, for example, in the risk distribution way of 4-3-2-1:
Intersection is a critical position in road traffic, the unreasonable organization of intersection will cause traffic congestion and traffic safety problems [55] , [56] . Emergency evacuation traffic is different from normal traffic. In normal traffic situation, road users usually follow the traffic rules of intersections, however, it is difficult for road users to abide by traffic rules consciously in emergency evacuation traffic. In order to effectively avoid potential traffic crashes at intersections, traffic conflicts elimination at intersections is an effective strategy [34] . Intersection conflicts can be divided into crossing conflicts and merging conflicts [7] . Based on the road network case, the organization of intersections is shown in Fig.2 .
We define Fig.2(a) as ''C+M'' conflicts, Fig.2 (b) and 2(c) as ''M'' conflicts, Fig.2(d) as ''NULL'' conflicts. Three road intersection constraint equations are defined as:
(1) ''C+M'' conflicts constraint:
(3) ''NULL'' conflicts constraint:
It is worth noting that constraints (1) are dynamic traffic signal timing, whereas constraints (2) and (3) are fixed traffic signal timing. In terms of system stability, ''NULL'' and ''M'' are better than ''C+M''. One of the reasons is that unexpected incidents usually cause damage to traffic infrastructure or power system, which makes dynamic traffic signal timing impossible, the other reason is that road users are unlikely to obey traffic rules as usual because of the urgency of evacuation, thus the evacuation system with dynamic signal timing is unstable. In addition, from the perspective of evacuation system security, the risk of ''NULL'', ''M'', and ''C+M'' increases in turn because of the increase of conflicts. However, road users can choose more directions at intersections under ''C+M'', thus ''C+M'' can better adapt to the situation of unbalanced evacuation network load.
D. EVACUATION OPTIMIZATION MODEL
SO and CSO models are established respectively,and the two models with same objective but different constraints.
Model SO

Min t∈T i∈C o h i x t i (4)
Subject to:
Objective function (4) minimizes the total risk of evacuation. Equations. (5)- (7) are flow conservation constraints which describes the process of traffic flow on the road network. Equations. (8) 
(1 + λ)
Objective function (4) minimizes the total risk of evacuation. Constraint (20) ensures residential area 1 that with the highest risk level has the least total residence time, and constraint (21) ensures the total residence time of residential area 2, 3, and 4 is within a tolerance level of λ compared with residential area 1.
IV. COMPUTATIONAL EXPERIMENTS
The linear programming solver CPLEX is used to solve the model. The security and stability of evacuation system are studied by changing tolerance level, number of shelters, evacuation demand, risk distribution, and organizational form of road intersection. we define that shelter(cell) 41 is available as p=1, shelter(cell) 41, 42 are available as p=2, shelter(cell) 41, 42, and 43 are available as p=3.
The evacuation demand of four residential areas is set based on S-curve theory [57] , as shown in table 1. It should be noted that these demand data are presumed only for the illustrative purpose, which by no means replicates or reflects a realistic evacuation case.
A. SECURITY AND STABILITY
As shown in Fig. 3 , in order to study the stability and security of the evacuation system, the relationship between total risk of evacuation and total residence time of each residential area is obtained with the changing tolerance levels. The organization form of road intersection is ''C+M'', the risk distribution is 4-3-2-1, and p is 3. Fig.3(a) illustrates the effect of tolerance level on total risk of evacuation. Compared with SO model, in the CSO model, when λ changes from 0.0 to 0.5, the total risk of evacuation increases by 11.2%, 10.1%, 9.0%, 8.0%, 7.0%, 6.1%, respectively. With the increase of tolerance level, the total risk of evacuation decreases and the total risk of evacuation in the CSO model is higher than SO model. However, in the SO model, the total residence time of residential area 4 and residential area 1 is 336888 veh·time intervals and 100420 veh·time intervals, respectively. It means that the average stay time of evacuees in residential area 4 is 3.4 times longer than that in residential area 1, as shown in Fig.3(b) . Hence the SO solution, even though has a lower evacuation risk compared to CSO solutions, is difficult to execute in practice. However, in the CSO solutions, the total residence time of residential area 1 increased and the total residence time of residential area 4 decreased compared with the SO solutions which caused a more acceptable solution.
It is observed that in the CSO model, with the increase of tolerance level, the total residence time of residential area 1 decreased, whereas the total residence time of residential area 4 increased. Meanwhile, the impact of tolerance level on total residence time of residential areas 1 and 4 is greater than that of residential areas 2 and 3. For example, compared with SO, when λ is 0.2, the change of total residence time in four residential areas are 77.9%, 8.7%, 8.4%, −36.4%, respectively.
B. THE INFLUENCE OF RISK DISTRIBUTION WAYS ON EVACUATION SYSTEM
The influence of risk distribution ways on evacuation system is shown in Fig.4 . The organization form of road intersection is ''C+M'', and p is 3. The total residence time of each residential area shows different trends as the tolerance level changes. The total residence time of residential area 1 showed a decreasing trend, whereas residential area 4 showed an increasing trend, as λ increased from 0.0 to 0.5 under the three different risk distribution ways.
It can also be found that under the risk distribution 4-3-2-1, when λ increased from 0.0 to 0.5, the total residence time of residential area 1, 2, and 3 are almost identical, as shown in Fig.4(a) . However, under the risk distribution 7-4-2-1 and 16-9-4-1, the total residence time of residential areas 2, 3, and 4 are almost identical which are shown in Fig.4(b) and Fig.4(c) . Therefore, the risk distribution ways of evacuation area has an important impact on evacuation planning. When the risk distribution changes, evacuation strategies in residential areas need to be changed accordingly.
C. THE IMPACT OF THE NUMBER OF SHELTERS ON EVACUATION SYSTEM
The number of shelters have a great impact on the safety and stability of evacuation system, and the impact of shelters on evacuation system is shown in Fig.5 , the organization form of road intersection is ''C+M'', and the risk distribution is 4-3-2-1. Fig.5(a) depicts the impact of shelters on the total risk of evacuation. The total risk of evacuation decreases with the shelters increase. Usually, evacuation efficiency increases with the number of shelters, but the increase in the number of shelters will also require greater medical, food and other resources. The relationship between the total residence time of each residential area and the number of shelters under SO is shown in Fig.5(b) . When p changes from 3 to 1, the total residence time of residential area 1, 2, 3 and 4 increased by 0.1%, 104.3%, 103.6%, 136.7%, separately. The total residence time of residential areas increases with the decrease of shelters, and the number of shelters has less influence on the total residence time of residential area 1, but greater impact on residential area 2, 3, and 4. In the SO solutions, the total residence time of residential area 4 is 7.9 times, 4.8 times, and 3.6 times of residential area 1, respectively, when p is 1, 2, and 3. Hence the CSO model is particularly important as p decrease. furthermore, the number of shelters can increase appropriately when it is difficult to increase the tolerance level to achieve SO solutions in evacuation planning.
D. THE IMPACT OF EVACUATION DEMAND ON EVACUATION SYSTEM
The time of evacuation demand has a great influence on total residence time. Assuming that the time of evacuation demand changed with the shape of evacuation demand curve remained unchanged. Three ways of evacuation demand are analyzed: the organization form of road intersection is ''C+M'', the risk distribution is 4-3-2-1, and p is 3. The area between the residence vehicles curve and x-axis is the total residence time of each residential area, and the residence vehicles curve reflects the evacuation sequence and priority of residential areas. Fig.6(a) shows the synchronous situation, the evacuation traffic demand in the four residential areas is synchronized. It can be concluded that the four residential areas evacuate at the same time, but the evacuation speed of residential area 1 is higher than those of residential area 2, 3, and 4. Fig.6(b) shows asynchronous 1 situation, the overlap time of evacuation is smaller than that in synchronous situation. Fig.6(c) shows asynchronous 2 situation, the overlap time of evacuation in residential areas is smallest, and the total residence time of each residential area is similar. In addition, the evacuation time of residential areas 2, 3, and 4 decreased significantly due to the reduction of overlapping evacuation time which is clearly shown in Fig.6(d) . In the SO solutions, the difference between the total evacuation time of residential area 4 and residential area 1 decreases in turn, when evacuation demand is synchronous, asynchronous 1, and asynchronous 2, respectively. So the CSO model will play a more important role in synchronous and asynchronous 1 compared with asynchronous 2, and it is necessary to publish evacuation information at an appropriate intervals and order for different residential areas to obtain SO solution.
Though publish the evacuation information asynchronously can reduce the overlap time of evacuation, it will increase evacuation clearance time. For example, the evacuation clearance time is 110 time intervals, 127 time intervals, and 174 time intervals, when the evacuation demand is synchronous, asynchronous 1, and asynchronous 2, respectively, therefore if evacuation occurred before the disasters, the relationship between evacuation clearance time and disaster arrival time should be considered.
E. THE INFLUENCE OF INTERSECTION ORGANIZATION ON EVACUATION SYSTEM
The stability of evacuation system includes both road network and residential area. The organizational form of road intersection determines the stability of road network, and the difference of total residence time between different residential areas determines the stability of residential area. Fig.7(a) shows the impact of organizational form of road intersections and the tolerance level of residential areas on the total risk of evacuation. The risk distribution is 4-3-2-1, the evacuation demand is synchronous, and p is 3. With the decrease of tolerance level, the total risk of evacuation increases under three types of road intersection organizations. The risk values are almost identical under ''C+M'' and ''M'', so in this case, when evacuation demands is synchronous, the organizational form of the road intersection ''M'' is better than ''C+M'', as ''M'' has no crossing conflicts that leading a better network stability, ''NULL'' has no conflicts, the stability of road network is better, but the total risk of evacuation is higher than ''C+M'' and ''M''. Fig.7(b) shows the impact of intersection organization form on the total risk of evacuation under different evacuation demand ways. The risk distribution is 4-3-2-1, and p is 3. It can be observed that the total risk of evacuation under ''C+M'' is less than ''M'' and ''NULL'', because ''C+M'' can better adapt to the situation of unbalanced traffic load in the road network. However, due to the existence of crossing conflicts and merging conflicts, there will be a great potential security hazard under ''C+M'', which may break the evacuation plan and reduce the stability of evacuation system. Compromising the security and stability of evacuation system, the organization form of road intersection ''M'' may be a better choice.
In addition, compared with ''C+M'', the growth rates of evacuation risk of ''NULL'' is 2.1%, 7.0% and 3.7% when evacuation demand generation way is synchronous, asynchronous 1, and asynchronous 2, respectively. The results show that the road intersection organization ''NULL'' will increases the total risk of evacuation compared with ''C+M'', and the growth rates of total risk of evacuation in the case of synchronous evacuation demand is smaller than that in the case of asynchronous evacuation demand. 
V. DISCUSSION
Previous studies on evacuation management mostly focused on the individual level, in this paper, we proposed a CSO model at the residential level. The parameters of CTM determine the size and capacity of road network, and it is worth noting that the case in Fig.1 is a case of single area evacuation, but it can also be regarded as a part of a multi-area evacuation case as shown in Fig.8 . Especially, as each cell contains four lanes, so the four roads which link the emergency points are eight-way lane.
Existing researches point out that evacuation demand conforms to S-curve theory, thus in our research, the evacuation demand of four residential areas is set based on S-curve theory, as shown in table 1. In fact, due to the urgency and variability of emergencies, it is hardly to determine the evacuation demands of emergencies, however, evacuation demand has a great impact on the results. In this study, we use curve 2 as evacuation demand curve, as shown in Fig.9 . We also analyze the application of CSO model under curve 1 and 3 without loss of generality. The effect of tolerance level on evacuation system under different evacuation demand curves is shown in Fig.10 . It can be found that the evacuation demand curve has influence on the total evacuation risk, but it does not affect the rule of total evacuation risk changing with tolerance level. The evacuation demand curves need to be determined concretely when formulating evacuation strategies for different emergencies.
In addition, the model is at residential level, the risk and residence time of individual are not calculated and there may be individuals who stay much longer. Moreover, this study was carried out based on the fact that the risk is inversely proportional to the distance without considering other factors such as wind speed, terrain, time, etc. The evacuation direction is along the downward direction of the risk gradient, so the lanes pointing to the emergency point and the upward direction of the risk gradient are reversed. In fact, some road users may not evacuate strictly in the direction of decreasing risk gradient during evacuation, and the risk gradient distribution of emergency will be quite different which depending on the types of emergencies and natural environment.
Therefore, future research work should be based on specific emergency, so as to determine the regional distribution of risk, and then accurately predict evacuation demand. Besides, evacuation based on circular road network is also a worthwhile research direction.
VI. CONCLUSION
Emergency evacuation is a comprehensive system composed of evacuation managers, evacuees, road networks, shelters, etc. Both security and stability are very important index of evacuation system. In order to improve evacuation safety, evacuation plan may arrange some residential areas to stay much longer which is hard to be accepted, and we call it system instability. In this paper, we proposed a CSO model at residential level based on system theory, we added a constraint to total residence time of residential areas to balance the security and stability of evacuation system
We also studied the influence of tolerance level, shelters, intersection organization, risk distribution, and evacuation demand on evacuation system. In the case study, we observed that the risk distribution has a critical impact on evacuation system. Moreover, as we open more shelters and convince the residential area for a higher level of tolerance, the total risk of evacuation decrease. Thus, all the three shelters should be opened (regardless of resource constraints), and evacuation information should be published at an appropriate intervals for the four residential areas. Intersection organization ''NULL'' will increase the total risk of evacuation, but the traffic conflicts is reduced and the stability of evacuation system will be improved. Intersection organization ''C+M'' will increase traffic conflicts, but the total risk of evacuation will decrease. The organization ''M'' could compromise the security and stability of road network, thus making organization ''M'' a better choice.
